The biophysical relationships between sensors and actuators [1] [2] [3] [4] [5] have been fundamental to the development of complex life forms. Swimming organisms generate abundant flows that persist in aquatic environments [6] [7] [8] [9] [10] [11] [12] [13] , and responding promptly to external stimuli is key to survival [14] [15] [16] [17] [18] [19] . Here we present the discovery of 'hydrodynamic trigger waves' in cellular communities of the protist Spirostomum ambiguum that propagate-in a manner similar to a chain reaction [20] [21] [22] -hundreds of times faster than their swimming speed. By coiling its cytoskeleton, Spirostomum can contract its long body by 60% within milliseconds 23 , experiencing accelerations that can reach forces of 14g. We show that a single cellular contraction (the transmitter) generates long-ranged vortex flows at intermediate Reynolds numbers that can, in turn, trigger neighbouring cells (the receivers). To measure the sensitivity to hydrodynamic signals in these receiver cells, we present a high-throughput suction-flow device for probing mechanosensitive ion channels 24 by backcalculating the microscopic forces on the cell membrane. We analyse and quantitatively model the ultra-fast hydrodynamic trigger waves in a universal framework of antenna and percolation theory 25, 26 , and reveal a phase transition that requires a critical colony density to sustain collective communication. Our results suggest that this signalling could help to organize cohabiting communities over large distances and influence long-term behaviour through gene expression (comparable to quorum sensing 16 ). In more immediate terms, because contractions release toxins 27 , synchronized discharges could facilitate the repulsion of large predators or immobilize large prey. We postulate that numerous aquatic organisms other than protists could coordinate their behaviour using variations of hydrodynamic trigger waves.
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For reliable communication over large distances, biological signals must be resilient to noise in complex environments. A robust solution is provided by trigger waves-biochemical wave fronts that are passed on from one reactant to the next, sustaining both signal speed and amplitude [20] [21] [22] . Key examples are neuronal action potentials, which travel at around 100 metres per second, mitotic waves in Xenopus eggs, and Ca 2+ waves in numerous tissues 22 . Trigger waves are very fast and specific, but suffer from a disadvantage in that they require an excitable medium (a cellular membrane or the cytoplasm) or close physical contact (in the case of neurons), such that the signal stops if the connection is cut.
Another solution is to advect information by flows; this facilitates the endocrine system (adrenaline release at 30 mm s −1 ) 22 and cytoplasmic streaming 28 . More generally, long-range hydrodynamic interactions mediate collective motion in 'living fluids' , which include swarms of bacteria, many aquatic and marine animals as well as micro-robots [6] [7] [8] [9] [10] [11] [12] [13] . As such, hydrodynamic signals can bridge large distances between cells or organisms but are generally slower, decay with distance or time, and fundamentally lack midway signal reinforcement.
Here we report the discovery of hydrodynamic trigger waves, which represent a hybrid mechanism that combines incessant propagation and high speeds (around 0.25 m s −1 ) with long-range connectivity between freely swimming cells.
S. ambiguum is one of the largest unicellular protozoans, with a body length (L 0 ) of 1.1 ± 0.2 mm (Fig. 1a, b) . By coordinating its cilia in metachronal waves (Supplementary Videos 1, 2), S. ambiguum swims at low Reynolds numbers (Re 0 ); that is, = ≈ . . However, the cell can rapidly contract to a fraction (f c ) of 0.40 ± 0.03 of its total length as a defence against predators, with a time of contraction (τ c ) of 4.64 ± 0.15 ms (Fig. 1a , c, Supplementary Video 3). Then, the contracting cell releases toxins 27 . After contraction, the cell slowly relaxes (with a relaxation time (τ r ) of about 1 s) as homeostasis is restored. The underlying biochemical mechanisms are summarized in Fig. 1d . To quantify these dynamics systematically, we develop an electrical stimulation apparatus 23 that has microsecond precision, synchronized with high-speed (10,000 frames per second) microscopy ( Supplementary Information, section 2) . Figure 1e shows the cell length, velocity and acceleration; using the statistics of thousands of cells, we construct the complete phase diagram of contractile behaviour (Extended Data Fig. 1 ). The velocity peaks (V max ) at 0.22 ± 0.01 m s , approximately equal to forces of 14g. Unlike other rapid cellular movements (such as nematocyst firing 29 ), Spirostomum is capable of repeating this actuation over and over again, which makes it a useful model organism for studying ultra-fast motion in biology 4 . The contraction of the cell generates long-ranged flows around the organism, which we analyse in a liquid film experiment (Fig. 2a) . The measured flow structure is contractile along the major axis of the cell (Fig. 2c, d , Supplementary Video 4), and resembles the 'puller-type stresslet' that is often produced by microorganisms 7, 10, 13 . However, a marked difference between these stresslets and the flow structure that we measure is that, in the latter, vortices emerge that expand into the medium over time. This vortex generation is a signature of inertia, which is also apparent as a delay in fluid motion (Fig. 2e) -the boundary-layer width (δ) grows as δ ν ∝ t (in which t denotes time) 15 . Conducting control experiments by suspending Spirostomum in high-viscosity medium shows no such delay and no vortices, consistent with the Stokesian stresslet (ν = 50 mm 2 s −1 and τ c = 15 ms, so Re T ≈ 0.3).
To model the inertial flow in the liquid film, we therefore solve the linearized Navier-Stokes (LNS) equations 12 using the method of images 13 ( Fig. 2b) . We model the contraction with ten equal and opposite point forces (f k (t′)), distributed along the cell at positions r k (t′), with |m| ≤ 100 image reflections. This yields the flow: (Fig. 2d) . Next, the effect of inertial mixing is highlighted by simulating tracer particles during the contraction of the organism, followed by a slow relaxation (Fig. 2f, Supplementary Information, section 3e) . Traditionally, the scallop theorem forbids mixing by any reciprocal motion in viscous fluids 6 , which affects many microbiological and industrial applications 3, [7] [8] [9] [10] [11] . However, we find that Spirostomum can use inertia to displace particles up to 10% of its body length per individual contraction-relaxation. This effect could further facilitate the dispersal of toxins and enhance food transport (in which D is the diffusion coefficient) for even the smallest molecules.
To detect predators, organisms must sense surrounding flows 5, [14] [15] [16] [17] [18] [19] . The strain rate of the moving liquid (γ ) exerts hydrodynamic stresses (S) of approximately ν γ × × , which leads to an increased tension (T) of about S × L. This stretches the cell membrane, such that its mechanosensitive ion channels are pulled open-which ultimately triggers the contraction 18, 24 .
To probe this rheosensitivity, we develop a high-throughput (about ten cells per second) microfluidic assay (Fig. 3a, Extended Data Fig. 6 ).
In this radially symmetric device, we introduce liquid with organisms on the outer edge and draw the liquid into a central sink, which emulates suction into the mouth of a predator. As cells are pulled towards the sink, the strain rate γ ρ ∝ / 1 2 of the liquid increases with decreasing distance ρ (Supplementary Information, section 4a) until they reach a threshold for contraction (γ c ) (Supplementary Video 6). This geometry was inspired by 'spaghettication' 30 , a stretching induced by tidal forces near a black hole that is rendered here on a microscopic scale ( Supplementary Information, section 4b) . Imaged from below, we observe that all cells are triggered around a ring of radius ρ c , the 'event horizon' (Fig. 3b) . We therefore obtain the critical strain rate, γ c = 88 ± 3 −1 . We then map this measurement to a more-intrinsic property-the critical tension required for ion channel gating (T c ), which does not depend on cell geometry. Crucially, one can use this macroscopic flow to back-calculate the microscopic forces. We use the method of regularized Stokeslets 31 to compute-for each organismthe force distribution on the membrane immediately before the contraction (Fig. 3c, Supplementary Information, section 4c ). Integrating this force yields the critical tension T c = 0.17 ± 0.02 mN m −1 (Fig. 3d ). This technique can be applied straightforwardly to other organisms with different sizes or more-complex shapes.
These measurements are consolidated with established theoretical results for ion channel gating 24 . Using the 'two-state model' , the probability for a channel to open (P o (T)) is estimated as a function of applied , which is in good agreement with the experiments. More-refined future models should also include cooperative gating effects but this two-state model already provides physical insights. Specifically, our model underlines the importance of the spatial distribution of hydrodynamic stresses, and enables one to predict the stimulation threshold for other organisms or geometries.
In particular, the cell size has a major role in the rheosensitivity of the cell. The observed γ c decreases significantly with length ( Fig. 3e ) such that larger cells require smaller stimuli to contract, which is also predicted theoretically (Supplementary Information, section 4e, f). This suggests that longer organisms are better sensors, which is probably an evolutionary advantage in discerning predators; this could help to elucidate why Spirostomum is one of the longest known ciliates, and why it takes an unusual cigar shape. Moreover, cell contraction also reduces the surface-to-volume ratio, which may act as an adaptive feedback mechanism to tune the sensitivity of the cell.
To ascertain the physiological role of contractile behaviour, we observe Spirostomum in undisturbed growth chambers over long periods of time. The cells tend to self-assemble into clusters, as is reproduced by mixing cultures and then recording accumulation with time-lapse imaging ( Supplementary Information, section 5a,  Supplementary Video 7) . Once close together, the organisms exhibit a collective phenomenon: when a first cell spontaneously contracts, it generates a flow that can trigger its neighbours to contract-and hence initiate a cascade of contractions that propagates through the colony (Fig. 4a, Extended Data Fig. 7 , Supplementary Information, section 5, Supplementary Video 8). These hydrodynamic trigger waves travel at speeds (v w ) of about 0.25 m s −1 (Fig. 4b) , which are not inappreciable compared to human neurotransmission 22 . We examine the communication potential by first considering pairwise interactions (Fig. 4c, Supplementary Information, section 5c ). When organism A (blue) transmits a signal (following equation (1)), organism B (purple) responds if it crosses the red line (γ c ). This model agrees with experiments for different configurations (ρ, θ and φ) (Fig. 4d, e, Extended Data Fig. 8 ), which shows that not only the distance but also relative orientations matter in propagating the trigger wave. Specifically, 'one-way streets' can form, along which a signal can only travel from A to B-for example, configuration ρ π π ( ) , , 2 2 versus ρ π ( ) , 0, 2 -as the flow is inherently directional. We quantify this using antenna theory (Supplementary Information, section 5d), which was originally designed for electromagnetic radiators, and show that the hydrodynamic signals are approximately two times stronger along the body axis (directive gain 2.79 dB).
Using these building blocks, we consider interactions between many organisms by simulating large colonies with different cell densities (N) ( Supplementary Information, section 5e ). The central cell is triggered at time t = 0, and cascades are computed subsequently (Fig. 4f-h) . At low densities (regime I, around 1 mm
), neighbours cannot be reached sufficiently and the signal rapidly dies out. At high densities (regime II, Supplementary Information, section 4f) . The black line is the theoretical prediction using the method of regularized Stokeslets.
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), signals propagate radially outwards and reach the colony edge in large numbers. In between these densities (near the critical density N c sim = 1.970 ± 0.087 mm
), the signal does not travel radially but in fractals, similar to lightning-discharge patterns. Here, the probability for a signal to reach the colony edge (P(N)) transitions rapidly from zero to one (Fig. 4b) . A small change in density therefore has a large effect on the communication potential near criticality (Supplementary Video 9) .
This phase transition is understood in terms of percolation theory 25 . The percolation threshold is estimated analytically as N c th = 1.88 ± 0.08 mm −2 ( Supplementary Information, section 5f ). Hence, this theory is in good agreement with our simulations, and with our experiments, in which signals are only sustained above N c exp = 1.91 ± 0.44 mm −2 (Fig. 4b) . The theory also predicts a lower percolation threshold for cells with larger aspect ratios, which again highlights the slender body of Spirostomum. Moreover, we find that the communication potential is enhanced for organisms that swim near water-air interfaces, because these reflect flows (see Supplementary  Information, section 5g) .
Organism densities that are too high (regime III, around 5 mm −2 ) might be disadvantageous in terms of sharing food reserves. Swimming and contractions also require more energy in a dense suspension, because the Einstein viscosity increases. Moreover, our simulations show that the wave velocity (ν w (N)) reduces with cell density (Fig. 4b,  red hexagons) ; the experiments show the same trend (Fig. 4b, pink  stars) , albeit with more biological variability. This effect is explained by the fact that the signal is delayed when every organism (per unit area) requires time to perceive and respond (Supplementary Video 10) . Consequently, organisms might thrive best near criticality (just above N c ) when optimizing for resources and conductivity.
Hydrodynamic communication could be advantageous for organizing cellular communities, either for defence against large predators (by synchronization of toxin discharge) 27 , for immobilizing large prey 32 or for collective nutrient mixing 3 , which can be enhanced by a passing hydrodynamic trigger wave (Extended Data Fig. 9 , Supplementary  Information, section 5h, Supplementary Video 11) . As multiple cells contract successively in a colony, particles are subjected to a random walk, with final displacements of over 50% of the cell size-five times more than the inertial mixing of individual cells. Asymmetric contraction and relaxation could further increase this when non-reciprocity is enhanced by higher-order flow contributions.
Beyond immediate survival benefits, hydrodynamic communication could also regulate long-term behaviour as a function of organism density. Signalling pathways could be initiated above a hydrodynamic signal threshold, analogous to bacterial autoinducers that initiate virulence or the formation of biofilms. Particular aspects of this decision-making process may, therefore, be compared with another percolating process-quorum sensing 16 -when interpreted as phenotype change that is controlled by cell density ( Supplementary  Information, section 5i) . The Spirostomum transcriptome has only recently been sequenced 33 and not much is known about its intercellular pathways; however, long-term habituation to touch already suggests phenotype change 34 . As in quorum sensing, the judgement of an individual cell to respond to a stimulus must be gauged carefully-not only for energy efficiency but also because the extreme forces generated in repeated contractions can potentially damage cells. The trade-off between individual risk and collective advantages should therefore optimize the overall biofunctionality of the cells.
The presented percolation theory can naturally be extended to three-dimensional organism colonies by using ellipsoids of revolution. However, on a more fundamental level, we expect hydrodynamic trigger waves to be part of the directed percolation universality class 26 . Directional symmetry breaking-similar to following one-way streets in a maze-is also observed here. This is important for understanding the fractal nature of cellular connectivity near the critical point, with corresponding critical exponents and properties. Pursuing this could represent a new avenue for future research in biological critical phenomena.
Long-ranged hydrodynamic interactions mediate collective motion in many living fluids [7] [8] [9] [10] [11] . To our knowledge, hydrodynamic trigger waves have not been reported in other systems, but similar rapid contractions feature in many other cells-including the model ciliates Vorticella 1 and Stentor
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-which in fact operate at low Reynolds numbers. Many organisms beyond protists both generate and sense flows-from bacteria to fish [2] [3] [4] [5] [6] [7] [12] [13] [14] [15] [16] [17] [18] [19] -and it would be interesting to uncover what function this signalling pathway might serve in different ecosystems, as well as the limitations that it must overcome. This opens scope for questions regarding how broadly hydrodynamic trigger waves could contribute to collective behaviour [8] [9] [10] [11] and, more generally, to the science of active and adaptive materials.
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Further information on research design is available in the Nature Research Reporting Summary linked to this paper. Background colours show the generated strain rate (equation (1)). The green, orange and red contours correspond to γ = 25 s −1 , 50 s −1 and 100 s −1 , respectively. The red contour represents the sensing threshold; that is, the region of influence (which is also approximated by the dashedred ellipse). d, Distance dependence of pairwise interactions. The strain rate on the body of the receiver B is shown for relative positions (ρ, θ), maximizing over all orientations φ. Stars are corresponding experimental observations, tested with χ 2 statistics, n = 57 experiments ( Supplementary  Information, section 5c ). e, Angular dependence, for relative orientations (φ, θ) with constant ρ = 1 mm. f-h, Simulations of trigger waves in colonies below, near and above N c . Grey ellipses are non-triggered organisms. Black lines show the triggered connectivity graph. The first percolating path to the colony edge is shown with colours scaled to the percolation time (bottom left corners). 
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